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EXECUTIVE SUMMARY

I. Summary of the Program

The current Joint Services Electronics Program contract at the Coordinated Sciences Labora-
tory, University of [llinois at Urbana-Champaign, began on October 1, 1986, and will continue
through September 30, 1989. This report revicws accomplishments during the period April 1, 1988,
through March 31, 1989, and describes changes in the program that have occurred during the third
vear. 'The present program inciudes 22 work uaits that cover five major technical areas: (1) Solid
State Electronics, (2) Quantum Electronics, (3) Electromagnetics, (4) Information Systems, and (5)
Electronics Research (discretionary Director’s unit). Solid-State Electronics includes six units pri-
marily devoted to the growth, characterization, and device fabrication of compound semiconductor
materials. Quantum Electronics includes three units: one unit studies charge density waves (CDWs)
in superconducting materials, and two units deal with plasmas and excited state chemisiiy o gnces.
Electromagnetics contains two units: one concentrates on monolithic millimeter-wave ICs with
microstrip antennas and the second on the design and analysis of nonreflecting surface structures to
control radar scattering characteristics. Information Systems includes ten units covering important
topics in computers, control, communications, and signal processing. Detailed discussions of indivi-
dual accomplishments are presented in the main body of this report. In addition, two i.ems that have
been sclected from amoung the many significant contributions are highlighted in the following para-
graphs. The first "JSEP Significant Accomplishment” is the conception and demonstration of a new
mechanism of tunnel injection in MODFET structures. This work was done under the new Unit 24
that was established at the start of the second year of the program. The second item is the comple-
tion of the University of Illinois EpiCenter, which was partially supported with JSEP discretionary
funds.

During the last year the JSEP Director, Professor W. K. Jenkins, has continued to rely on the
recently established JSEP Internal Advisory Committee to help establish direction and policy for the
JSEP-sponsored research. Professors K. Hess, M. B. Pursley, and T. N. Trick are presently serv-
ing as members of the committee in the areas of Physical Electronics, Electronic Systems, and VLSI
Circuits and Computer Systems, respectively. The committee played a vital role in the planning and
restructuring of the Illinois JSEP Program that was proposed in June 1989 for the next three vears.

I1. JSEP Significant Accomplishments (April 1, 1988 - March 31, 1989)

Conception and Demonstration of a New Mechanism of Tunnel Injection (Unit 24)

Professors Adesida, Kolodzey, and Leburton recently reported the conception and experimental
verification of a new mechanism of tunnel injection into the active region of MODFET structures.
Injection occurs through a tunnel junction parallel to the MODFET channel and is the basic mechan-
ism for sophisticated high-speed multi-terminal devices. Two novel transistor structures were
proposed—the BITFET and the TIFET—that exploit the new injection principle in a configuration
leading to Negative Differential Resistance (NDR) characteristics. Theoretical estimates of the
relevant time constants indicate possible operation in the 100 GHz range.

With barrier height equal to the band gap, the use of tunnel junctions has the advauiage of
reducing thermionic emission competing with the tunneling current and results in high peak-to-valley
NDR ratios that are suitable for high-power microwave devices.

TIFET structures have been fabricated and tested in our laboratory. Experimental I-V charac-
teristics show evidence of tunneling in the 2-D channel of the MODFET across the tunnel junction
(see Figure 1). A patent application for the new devices has been filed by University Patents, Inc.
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Completion of the University of Illinois EpiCenter (Unit 23)

In late 1988, construction of the University of Illinois EpiCenter was completed and a dedica-
rion ccremony was held in November of 1988 to comunemorate its opening. The EpiCenter is a
world-class facility that consists of seven MBE chambers interconnected by high-vacuum transfer
tubes. Having the chambers, each of which is dedicated to a different type of material growth and
characterization, interconnected by vacuum lines allows samples to be moved from one growth
environment to another without external contamination. Since the planning for this new facility was
begun about five years ago and the construction has taken two years, the completion of this project is
a major accomplishment. All of the JSEP discretionary funds provided under Unit 23 of the current
contract were applied toward the purchase of several MBE chambers that will support future MBE
research in the JSEP program. Since the EpiCenter is described in detail under Unit 23, further
details will not be presented in this section.

Conduclance -

Fig. 1. Conductance vs. V,, for GaAs/AlGaAs TIFET Device, I, = +5mA, V, = 1V
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SCIENTIFIC OBJECTIVE:

The primary objective of this research program is to investigate energetic particle-surface
interactions that control the nucleation and growth kinetics, chemistry, and physical properties of
alloy semiconductors during vapor-phase crystal growth by UHV ion beam sputtering and
accelerated-beam molecular beam epitaxy. In both of these growth techniques, low energy ion-
surface interactions allow an efficient coupling of kinetic energy to the growth surface upon condensa-
tion, thereby altering the surface reactivity as well as adsorption and adatom diffusion kinetics allow-
ing single crystal film growth at lower temperatures, much more precise control over dopant incor-
poration probabilities and depth distributions, and the growth of unique metastable alloys. This work
is being pursued from both an analytical and an experimental point of view in order to establish a
detailed understanding of fundamental film growth mechanisms.

SUMMARY OF RESEARCH:

Incorporation Probabilities and Depth Distributions of Thermal and Accelerated Dopants in Semi-
conductors Grown by MBE

Most common n- and p-type dopants used in bulk Si technology and many dopants used in bulk
GaAs provide problems in MBE film growth due to either low dopant incorporation probabilities
and/or high surface-segregation rates. The problem is especially acute in MBE Si. We have attacked
these problems on two fronts. (1) As discussed in the last two annual reports, we have developed a
general time-dependent model, which combines thermodynamic and kinetic elements, for describing
the incorporation of thermal dopants into films during deposition. (2) We have investigated the use
of low-energy primary and secondary accelerated-ion doping during MBE growth to demonstrate
increases in o by more than five orders of magnitude, abrupt doping profiles with no indication of
segregatior -indured broadening, and eveellent electrical properties. Primary-ion doping experiments

University of Illinois at Urbana-Champaign Coordinated Science Laboratory




were carried out using a new ion source that was designed and constructed as part of this rescarch
project.

Our dopant incorporatics model accounts for dopant surface segregation and allows elemental
mcorporation probabilities o and depth-dependent concentration profiles C{x,t) to be calculated as a
function of experimental parameters such as film and dopant material, deposition rate, incident
dopant flux, film growth temperature, etc. Calculated profiles from arbitrarily complex doping
schedules for both thermal and accelerated dopams are in good agreement with experimental results
for dopants in MBE Si, GaAs, and Ga,_, . As. In addition, we have used the model to predict
critical temperatures for transitions in dopdnt 9(3}_,!'8"21[10[1 regimes, dopant-induced surface structural
phase transinons. and changes mn dopant/surface reaction paths leading to large changes in surtace
binding cnergies and hence incorporation probabilitics.  All of these effects have now been observed
experimentally.  We have recently predicted that there should exist a narrow growth-temperature
range over which abrupt doping profiles can be obtained for Al, a p-tvpe dopant which exhibits
severe surface segregation. in MBE Si Qur preliminary experimental results are in agreement show-
ing. for the first time, abrupt modulation-doped Al profiles.

We have extended our dopant incorporation measurements, reported for In last vear, to include
Sb. an important n-tyvpe dop}ant in Sl technology. The incorporation probability ¢ of thermally coeva-
porated Sb ranges from 107 to 107 at typical Si MBE growth temperatures. Sb also exhibits severe
surface segregation with steady-state coverages up to a full monolayer. This not onl\ 01\ es n\c to
broad profiles but also limits the maximum usable doping concentrations to < 5x107210" em™ due
to the necessity of using extremely large dopant fluxes that result in the production of high concentra-
tions ot structural defects with a corresponding decrease in carrier mobilities.

Using the 106 souices described previously, we have carricd out a detailed investigation of the
incorporation of accelerated Sb™ ions in MBE Si(100) with acceleration voltages V . of 30, 100, 200.

300, and 400 V at growth temperatures T, ranging from 330 to 1050 °C. T~ Was found to be up to

five orders of magnitude higher than obtainable with thermal Sb beams. In fact, O, Was unity for
VSb, > 300 V at T, < 850 °C. At higher growth temperatures, bulk diffusion becomes appreciable

giving rice to “ihheinn eurface ccgregaticn and hence dopant Incs by desorption. At lower accelera-

tion potentials, sg, was temperature and deposition-rate dependent. However, even at VSb- =0V
and T, > 630 °C, T - Was still more than an order of magnitude higher than for thermal doping.

Moreover, surface-segregation induced profile broadening Ag,, which for thermal-beam doping was >
100 nm/concentration-decade for T, < 650 °C, was less than the depth resolution of the SIMS meas-
urement, i.c. _\S_b‘ 2 15 nm/concentration-decade. In fact, we have used accelerated-beam doping to
grow the first two-dimensional é-doped MBE Si lavers and demonstrated resonant tunneling.
"Potential-enhanced” or recoil-implantation doping has been proposed by several rescarchers in
Lurope as another possible technique for overcoming the problems associated with doping in MBLE
Si. In this approach, a fraction of the Si beam is ionized and accelerated to recoil implant surface-
segregated dopant species This, however, does not solve the profile broadening problem since a
steady-state doping concentration cannot be achieved until a steady-state surface coverage is reached.
We have carried out detailed measurements of Si* ion current densities as a function of accelerating
potential for several Si evaporator designs and determined the recoil implantation cross-sections as a
function of E . for In and Sb The results show that optimum operating conditions require L . to

be > 1000 OV le1d1ng to residual lattice damage. ({.attice damage has recentlv been reported b_v an
IBM group using 1000 V Sb recoil-implant doping). Moreover, this technique is of no value for
dopants such as As or P which also exhibit surface segregation but whose surface lifetimes are so
short that appreciable coverages are only obtained at a verv low deposition temperatures where
growth-related and ion-induced defects cannot be anncaled out.

We have extended our carlier continuum dopant incorporation model to formulate o discrete
atomistic lattice model which accounts for the detmled reconstructed surfaes structure. The present
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ersien isoa tive site ncludine surtace, bulk, and three intermediate sites) transitionsstate: model,
Lhe stte petentials are determined trom moaudated-beam mass spectrometry (MBMS) and thermally -
stimulated desorption (ISD) measurements using both thermal and aceelerated beams  Surlace
segregation potentals were determined from calibrated SIMS analyses ot as-deposited modulation-
doped Tavers grown as a tunction ot \'%_, I, and the deposinon rate R The moded caleulations

were Tound e desconibe the entire set of L ,(\',‘ SLRY datacextremedy well and provide new insighis

Sh Sk - b
o depantancorporation mechamsms and low-energy on/swlace iteractions. s clear, Jor exam-
ple that the meorporation mechamsm for accelerated In and Sb doping chanees dramanically below
Zoa e\

We have desizned. operated. and characterized a0 new adjustable-grnid. multiaperature. 1on
source. Fhe capability tor pr-vie relative lateral monon of the grid allows beam steering and alivn-
arent dunng operation. The gnd separation distance s also adjustable or-suee ailowing independent
controt over the beam current and voltage while maintaining minimum beant divergence. Decreases
in beam divergence angle by as much as a factor of three ovar a comparable fixed grid source were
obtained. The dependence of the measured beam divergence on the source operating conditions and
arid ceometry were explained based upon an ton optics model.

Flectronic and Optical Properties of Accelerated-Ton oped MBE Si

A combination of in s low-energy and reflected high energy electron diffraction (RHEFED and
LEED). plan-view and cross-sectional transmission electron microscopy (1M and XTEM), SIMS,
temperature-dependent Hall measurements, low-temperature photoluminescence (PL), and deep-level
transient spectroscopy (DLTS) were used to investigate the structure, dopant disiribution, and electri-
cal properties of MBE Si(100) films grown at 800 °C with either 200 eV In~ or 130 ¢\ Sbh7
accelerated-dopant beams. The incorporation probabilities were found to be unity. A comparison
between total dupant concentrations determined by cafibrated SIMS mcasurements and dopant con-
centrations obtained from Hall data shows that both In and Sb were incorporated 1nln \Llh\t]lutlun i
clectrically-active. sites. The concentration ranges emmmcd 50 far are 3x107 -2x10" em™ for In.
well above the cqtuhbnum solid-solubility limit, and 10" 3x10"" cm™ for Sh. more than an order of
magnitude above the highest values obtainable by thermal doping without introducing high structural
defect concentrations. In all cases, the films were found by TEM and XTEM analvsis to be disloca-
tion free witn no indication of residual ion-induced damage.

Carrier mobilities were found to be equal to, or higher than. the best reported values for bulk
Si. In fact. hole mobilities measured in In"-doped films were the highest ever reported for In-doped
Si and were much higher than mobilities for annecaled In-implanted Si. Temperature-dependent (77-
100 K) mobilites of In'-doped films were weli Jcscribed by theoretical  eajculations.
W adjustable parameters, including lattice. ionized impurity, neutral impurity, and hole-hole
scattering. ‘The full effective mass tensor describing the non-isotropic and non-parabolic band struc-
ture was used. Doping profiles in modulated structures were abrupt and in situ ALS and RHEED
analvsis showed no indication of significant dopant surface accumulations as were observed during
the growth of thermally-doped films. Thus, under the present growth conditions, radiation-induced
defects were annealed out at a faster rate than they were produced resulting in no residual damage.

Recently, we have obtained the first high quality photoluminescence ever reported from MBI Si
films. In these experiments, we used a combination of low- -temperature (4 2 K) PL and DLTS to
characterize Si(100) films doped with I: - 200, 500, and 1000 eV A< ions during growth by

molecular-beam epitaxy on n* Sb-doped subqtrales at temperatures T, of 650 and 800 °C. Sharp no-
phonon, transverse-optical, and transverse-acoustic phonon assisted bound-cxcxton (BE) peaks associ-
ated with As dopant species, together with broader, weaker, Sb-related BE peaks, were the dominant
PI. features obtained from 5-pm-thick lavers. No peaks ascribable to residual ion-induced damage
were observed in tilms giown ai 050 °C wiith E, = 200 eV or T, = 800 °C with I', = 200, 300, and
1000 V. No electron traps were observed by DLTS.
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Fitects of Low-Fnergy lon/Surfuce Interactions on the Nucleation and Growth Kinetics of Films
Deposited trom the Vapor Phase

The mereasmaely stringent reguirements of sophisticated thin-tilm device and processing techno-
fovtes pros ide o sirone dupetts tor obigming better control over the microchemisiry and DHCTONIT
fare ot as depostted Lvers as well as tor devising lower temperature growth techmqgues  Tow eneran
v rradietton ot the substrate and film duny depostbon s presently being used by laboratories
toross the world m a varets ot beam and plasma-based Gl growth techniques m order to provide an
cticient coupling of Kinetic energy to the growth surface to alter reactvity as well as adsorption, ada
rom dittusion, nucleanon. and growth Kineties.

Owur aroup has been modeling low-energy ion/surface interaction effects that are common to a
careny of growth rechnigaes and has carried our some of the first definitive experiments under well-
controlled ultra highe acuum environments to probe fundamernsal mechamsms. The miual results ol
s sork were desceribed an the last annual report.

Chver the past vear, we have deseloped MBMS and TSD techniques for measuring binding ener-
sies. aad henee interring binding sites, of low-energy accelerated condensing species. As a reference
nemt, we have determined not only the two-dimensional phase diagram tor In on Si{100)2x1 but also
the bty cnergy of Inin cach of the surface phases. This is the first tme both complete structural
vnd energetic intormation has been avatlable for any metal overlaver system on St

Ihe stowcrure and surface morphology of In overlayers on Si100Y surtaces were mvestigated as
v tunction of substrate temperature and surface coverage using low-energy and retlection high-energy
clectron diffraction as well as Auger electron spectroscopy. Desorption Kinetics of adsorbed In was
svudied with modalated-beam desorption and  temperature-programmed  desorption spectroscopics.
Indium was found to grow on Si(100) according to a Stranski-Krastanov mechanism with the initial
tormation  of  several  two-dimensional  phases preceding  the nucleation and growth of three-
Junensional Tnistinds. Binding energies and frequency factors were extracted from the desorption
measurements using @ model based on first-order desorpdaon from several interdependent surface
phases  Firstorder and zeroth-order kinetics were observed for the total desorbing flux from cocexist-
my sartace phases

The use of fow energy In” condensing species was found to completely change the nucleation
and growth mechamsm.  Nucleation densities were increased by several orders of magnitude, the sur-
lace dittasivity was enhanced, and complete three-dimensional overlaver was obtained at much lower
owerases  lmitial measurements of binding energies as a function of ton cnergy have been completed.
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